Assessing environmental eff ects of shelter forests is primarily necessary for realizing their greatest protective benefi ts. Th e Th ree-North Shelter Forest Program (TNSFP), the largest ecological aff orestation program in the world, has been operated for three decades in China but so far lacks comprehensive assessment of its environmental impacts. Horqin Sandy Land (HSL) in Northeast China is one of the key areas in the TNSFP implementation. To identify the principal contributors to environmental changes in HSL, we evaluated impacts of variations in landscape features, shelter forest areas, climatic factors, and social factors on changes in sandy land areas from 1978 to 2007, by using Gray Relational Analysis. Our analysis showed that during the period 1978 to 2007, the sandy land area decreased by 3.9% in low aeolian dunes, 14.5% in low mountains and hills, and 98.9% in high elevation alluvial fl ats of HSL. Factors with Gray Correlation Degrees >0.9 were identifi ed as the patch shape index (PSI) and the landscape isolation index (LII) of grasses in low aeolian dunes, PSI of grasses in mountains and hills, and area of broadleaved forests and LII of shrubs in alluvial fl ats. It is concluded that establishment of the shelter forests has played a signifi cant role in controlling the expansion of sandy land in HSL. To sustain the long-term environmental benefi ts of the shelter forests in the remaining period for TNSFP construction, suitable tree species should be selected and planted at appropriate densities based on the local precipitation, groundwater and landform conditions, and the system stability of the total landscape. W ith the increasing concerns about the deteriorating conditions of environments, shelter forests are substantially established in many countries (Kendrick, 1993; Lei et al., 2008) . To date, there have been four major reforestation/aff orestation programs in the world: the American Roosevelt Project, the former Soviet Stalin Rebuild Nature Plan, the Green Dam Project of the Five Countries in northern Africa, and the Th ree-North Shelter Forest Program (TNSFP) in China (Li and Zhai, 2002) . Th ese programs are expected to contribute greatly to the improvement and conservation of ecosystems and natural environments in the program areas.
Environmental Impacts of the Shelter Forests in Horqin Sandy
Th e TNSFP, dubbed China's "Green Great Wall," was initiated in 1978 and woody plants (including trees and shrubs) have been planted in 551 counties across 13 provinces in North, Northeast, and Northwest China to form a long shield against desertifi cation and soil and water losses (Bureau of the Th ree-North Shelter Forest Construction, 1993) . Th e program covers an area of 4.069 million km 2 , accounting for 42.4% of China's total territory. Furthermore, TNSFP was included in the Guinness World Records as the world's largest ecological reforestation/aff orestation program in 2003. In accordance with the overall developmental plan, TNSFP is expected to operate for up to 73 yr, ending in 2050. With time and development, the focus of TNSFP has been gradually directed toward the maintenance of quality and protective benefi ts of the scheme (Ma, 2004) .
How to maximize the protective benefi ts of the shelter forests is the primary purpose of the shelter forest construction (Li, 2004; Li et al., 2008) . Th ere are two eff ective ways to achieve the goals. One is to make a scientifi c and rational design before the implementation and the other is to make adjustment of the scheme through feedbacks from monitoring and assessment of the environmental impacts (Bureau of the Th ree-North Shelter Forest Construction, 1993; Lei et al., 2008; Wang et al., 2010) . Th e latter, to some extent, plays a critical role in improving the preliminary planning of shelter forest programs. As the fi rst large-scale shelter forest practice in human history, the American Roosevelt Project has been eff ective in combating harsh environments by relying on ongoing evaluations and timely adjustment of the scheme (Kendrick, 1993; Mather, 1993) .
Until now, TNSFP has been operated for more than 30 yr but still lacks accurate and comprehensive assessment of the environmental impacts of the program. Th us, many issues need to be examined concerning whether the program has been eff ectively implemented, what ecological impacts it has induced, and how its performance can be improved in the remaining duration. Th e TNSFP covers more than 95% of China's sandstorm-aff ected areas and 40% of soil erosion areas. Horqin Sandy Land (HSL), the largest sandy land in the traditional agropastoral ecotone of Northeast China (117°30′-123°30′E; 42°21′-45°15′N), is one of the key areas for TNSFP implementation (Bureau of the Th ree-North Shelter Forest Construction, 1993).
Although there have been some studies on the assessment of environmental eff ects of the shelter forests (Kendrick, 1993; Wang and Zhou, 2003; Ma, 2004; Yin, 2009) , several shortcomings exist in the previous evaluations: (i) most previous assessments are made based on fi eld surveys (Kendrick, 1993; Yin, 2009) , which are highly time consuming, labor intensive, and impractical for assessment at the large scale; (ii) the environmental variations are only considered as the direct impacts of changes in areas of shelter forests (Wang and Zhou, 2003) without taking into consideration changes in the spatial distribution pattern of shelter forests and other natural and social factors; and (iii) the relationship between the environmental change and a possible contributing factor is treated as a black box with overcomplicated, incomplete, and uncertain information. Regular mathematical methods, such as correlation analysis or regression analysis, may not be acceptable without large datasets or data conforming to certain mathematical requirements (Fu et al., 2001; Yin, 2009) .
Compared with the fi eld investigations, remote sensing imagery analysis can be favorable for exploring patterns of vegetation and landscape at larger spatiotemporal scales with less time and eff ort (Wolter and White, 2002; Elliott et al., 2004; Kong et al., 2009) . Landsat imagery has been widely used due to its appropriate resolution to detect broad patterns at regional scales and accessibility with a minimal cost dating back to the mid-1970s (Huang et al., 2007) . Analysis of the link between remote sensing information and ground features over time has often been used as an eff ective tool to depict the causal relationships between environmental change and operational drivers (Kong et al., 2009) .
Spatial distribution pattern of each landscape element plays a predominant role in a variety of ecological processes, including the changes in environments (Turner et al., 2001) . Besides the area of shelter forests, landscape patterns may be changed in the processes of TNSFP implementation. However, information is lacking on whether and how changes in spatial distribution pattern of shelter forests aff ect environments. Moreover, in the context of global climate change, air temperature and precipitation have increasingly become the important natural factors infl uencing environmental changes (Wang, 2003; IPCC, 2007) . Especially in the rain-fed HSL, the variation in precipitation may have great eff ects on water availability and vegetation growth. However, during the past 30 yr of TNSFP implementation, there has been little information on how climate changes may contribute to the broad environmental changes. In the traditional agropastoral ecotone of HSL, livestock quantity, an important social factor, can also refl ect the extent of human impact on environments .
Th e factors mentioned above may be important for the evaluation of the environmental changes, including landscape features, shelter forest areas, climatic factors, and social factors. Th e restrictive equalities or inequalities cannot be simply adopted to express the complicated relationships among these factors in the traditional evaluation models (Ip et al., 2009) . Gray Relational Analysis (GRA), a part of gray system theory, has been proven to be useful for solving problems with complicated interrelationships (Moran et al., 2006; Chen et al., 2007) .
In this study, the spatiotemporal changes in land cover and major landscape patterns in HSL were quantifi ed for the period 1978 to 2007 (i.e., during the fi rst three decades of TNSFP implementation), based on Landsat MSS and TM imagery analysis. Th e GRA was applied to evaluate the impacts of variations in landscape features, area of shelter forests, climatic factors (i.e., air temperature and precipitation), and social factor (i.e., livestock quantity) on environmental changes (i.e., changes in sandy land areas) in HSL. Th e primary objectives of this study were to: (i) identify the critical attributes to the environmental changes in HSL; and (ii) assess the environmental benefi ts originated from the implementation of TNSFP at a regional scale.
Materials and Methods

Study Site
Horqin Sandy covers 50,168 km 2 . Th ere are three geomorphological features in HSL-low aeolian dunes, low mountains and hills, and high elevation alluvial fl ats. Th is study was conducted in Wengniute County (117°49′−120°43′ E, 42°26′−43°25′ N) in the west of HSL, over an area of 11,790 km 2 . Th e three typical geomorphological features occur from east to west of Wengniute County ( Fig. 1; Fan, 1993) . Availability of a large number of long-term ground observations from the Wulanaodu Desertifi cation Experiment Station of Chinese Academy of Sciences made this study possible.
Th e monsoon-type climate of the study area is temperate, semiarid, and continental, with a severe drought and strong windy spring, warm summer, and dry and cold winter. Mean annual air temperature is 5.8°C, with January the coldest month averaging −12.5°C, and July the warmest averaging 22.5°C. Average annual precipitation is 340 to 370 mm, of which 75% falls in June, July, and August. Annual mean potential evaporation is 2300 mm. Annual mean wind velocity is 4.2 m s −1 and the number of gale (>14.3 m s −1 ) days is 40 to 60 (Zhu et al., 2004) . Th e windy season lasts from early March to late May, and the prevailing wind is northwesterly. Th e growing season begins in late April and ends in late September.
From east to west of the study area, the geomorphological features are in order of low aeolian dunes (290 to 650 m above sea level), low mountains and hills (650 to 900 m above sea level), and high elevation alluvial fl ats (900 to 1790 m above sea level) (Fan, 1993) . Soil and vegetation types vary with landform conditions. For facilitating accurate data analysis and assessment of changes in spatial features during the study period, the whole study area is divided into the eastern zone (Zone 1, with an area of 6330 km 2 ), middle zone (Zone 2, with an area of 3030 km 2 ), and western zone (Zone 3, with an area of 2430 km 2 ), based on the Digital Elevation Model at 1:10,000 scale ( Fig. 1) .
Th e shelter forests, composed of deciduous broadleaved tree species (e.g., Populus spp., Ulmus spp.) and shrubs (e.g., Caragana microphylla, Hippophae rhamnoides, Hedysarum fruticosum), were planted in the study area over the years since 1978 (Hao et al., 2004) .
Data Sources
Landsat MSS images of 1978 (80-m spatial resolution) and TM images of 1989, 1999, and 2007 (30-m spatial resolution) , covering the study area, were selected representing the initial conditions before shelter forest construction, the implementation time of the shelter forests for nearly 10, 20, and 30 yr, respectively. All images were multispectral data and acquired between the end of June and midautumn (i.e., during the period of active growing season in the study area). Th ose images were obtained from http://glovis.usgs.gov.
Digital topographic maps and other thematic maps (e.g., regional land-use, desertifi cation, and vegetation maps) with a scale of 1:100,000 were used for geometric correction of the satellite images and to confi rm the classifi cation results. Additionally, to assist with the establishment of image interpretation rules and improve classifi cation accuracy, 1500 landscape images accurately positioned by means of global positioning system (GPS) and fi eld survey data on 80 georeferenced vegetation plots were acquired in 2008.
In an attempt to determine the contributions of other factors (e.g., changes in climate and social factors) to the variation of environments during the development of shelter forests, meteorological data and livestock quantity in the study period were collected from Weather Bureau and Statistical Bureau of Wengniute County.
Image Preprocessing
All images were projected in Albers equal area conic projection. Based on a 1:100,000 topographic map of the study area, 70 to 80 uniformly distributed ground control points (GCPs) were selected for georeferencing and orthorectifying the 1999 TM images. Th e nearest neighbor of resampling algorithm was applied during the orthorectifi cation. Th e root-mean-square error (RMSE) for the geometrical rectifi cation was <1 pixel (i.e., <30 m). By using the image-to-image matching method, the 1989 TM images were matched with the 1999 images. Aiming to involve most of the area representative of the two sets of images, 40 to 50 GCPs were randomly selected in 1989 and 1999 during the matching processes. Th e RMSE of the geometrical rectifi cation between the two images was 1 to 2 pixels (i.e., <60 m). Th e same method was applied to process the 2007 TM images and 1978 MSS images with RMSE at 1 to 2 pixels (i.e., <60 and <160 m, respectively). All image data were processed by using an ERDAS 9.1 image processing system.
Image Classifi cation
Training datasets were constructed according to information on land-cover types and the purpose of this study. Using the maximum likelihood supervised classifi cation method (Lillesand and Kiefer, 2000) , the study area was classifi ed into seven land-cover types, i.e., broadleaved forests, shrubs, crop fi eld, grasses, sandy land, water area, and others (including building area, bare land, and saline land). Aiming to match most closely with the natural color of the ground objects, the 4-2-1 and 5-4-3 false color composites for the respective MSS and TM images were used in the classifi cation training (Lillesand and Kiefer, 2000) . Accuracy assessment of the image classifi cation was made based on the fi eld survey data on 80 georeferenced vegetation plots and other ancillary materials (e.g., regional land-use and desertifi cation maps, and 1500 landscape images accurately positioned by means of GPS). Th e classifi cation training data were independent of the accuracy testing data.
Th e classifi cation lasted until both the overall accuracy for classifi ed map product and specifi c accuracy for each landcover type reached >90%. After the image classifi cation was completed, the land-cover dynamics were derived by overlaying the data layers using the geographic information systems software and summarizing the data using spreadsheet software. Furthermore, to determine the change patterns during the study period, a matrix of land-cover changes for the study area was created.
Calculation of Landscape Indices
Generally, landscape indices are used to quantitatively describe the variation of landscape structures with time (Wu, 2000) . Two landscape-level indices, Landscape Diversity Index (LDI) and Landscape Evenness Index (LEI), are generally adopted to measure the complexity of the composition and uneven distribution of each patch within the landscape (Wu, 2000) . At the scale of patches, Patch Shape Index (PSI) and Landscape Isolation Index (LII) have been widely used to present the information on patch complexity on a large scale (Fuller, 2001) and spatial location of patches within the landscape (Imbernon and Branthomme, 2001 ). Th us, the four landscape indices were calculated with software FRAGSTATS 3.3 (McGarigal et al. (2002) , http://www.umass.edu/landeco/research/fragstats/ fragstats.html, from thematic categorical map for all zones in 1978, 1989, 1999, and 2007 .
Th e LDI was calculated as
where P k is the probability of patch type k occurring in the landscape, and n is the total number of patches. Th e LEI was calculated as
where LDI is the Landscape Diversity Index and LDI max is the maximum of LDI. Th e PSI was calculated as
where P is the patch perimeter (km) and A is the patch area (km 2 ). Th e LII was calculated as
where n k is the total number for the fi rst k class of patches and A is the total area for the landscape.
Gray Relational Analysis
Th e GRA was applied to identify the causative factors in the control of sandy land. Th e variations in environments and possible driving factors were examined at three intervals (i.e., from 1978 to 1989, from 1989 to 1999, and from 1999 to 2007) . Th e variation of sandy land area during the three intervals was defi ned as dependent variable (y). Th e changes of 14 possible factors during the three intervals for three zones of study area were considered as independent variables (x), including air temperature (x 1 ), precipitation (x 2 ), livestock quantity (x 3 ), LEI (x 4 ), LDI (x 5 ), shape index of broadleaved forests (x 6 ), shape index of shrubs (x 7 ), shape index of grasses (x 8 ), isolation index of broadleaved forests (x 9 ), isolation index of shrubs (x 10 ), isolation index of grasses (x 11 ), area of broadleaved forests (x 12 ), area of shrubs (x 13 ), and area of grasses (x 14 ). Th e GRA was analyzed following the processes below. First, all factors mentioned above were treated as dimensionless data as in Eq.
[5] and [6]:
where X i (k) is the sequence of original infl uential factors; Y i (k) is the processed sequence; n is the number of infl uential factors; m is the number of dataset of infl uential factors; and
where X 0 (k) is the sequence of the original objective factors; Y 0 (k) is the processed objective sequence; m is the number of dataset of objective factors. Second, a correlation coeffi cient was calculated following Eq.
[7]:
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where ξ i (k) is the correlation coeffi cient; α ∈ (0,1) is the recognition diff erential; and a value of 0.5 was used in this study. Th ird, the correlation degree γ i of each infl uential factor was calculated by using Eq. [8]:
Finally, the correlation sequence was ranked in order of correlation degree. Generally, γ ≥ 0.9 represents a marked infl uence, 0.9 > γ ≥ 0.8 a relatively marked eff ect, 0.8 > γ ≥ 0.7 a noticeable infl uence, and γ ≤ 0.6 a negligible eff ect (Fu et al., 2001) .
Results
Land Cover Types
Based on the classifi cation maps of 1978, before the establishment of shelter forests, grasses (53.4%) and sandy land (20.5%) were the major land-cover types in the low aeolian dunes (Zone 1). Grasses (57.7%) and broadleaved forests (23.8%) dominated the low mountains and hills (Zone 2). In the high elevation alluvial fl ats (Zone 3), broadleaved forests (47.4%) and grasses (34.4%) were the major types. Sandy land areas only accounted for 2% in Zone 2 and 1% in Zone 3.
Th ere were diff erent patterns of area changes for various land-cover types both in space and time ( areas of shrubs and sandy land declined by 58.2% and 25.8%, respectively, mostly changing into crop fi eld (388 km 2 ) and grasses (539 km 2 ) ( Table 2) .
Landscape Patterns
Within the study area, both landscape diversity and evenness index varied spatially and temporally, and presented various patterns in the three subdivided zones (Fig. 2) (Fig. 3A) . In Zone 1, LII of grasses and sandy land did not have obvious changes during the three intervals. However, LII of broadleaved forests increased from 1978 to 1999 and declined from 1999 to 2007. Th e LII of shrubs showed an inverse pattern of change. Overall, LII of broadleaved forests, shrubs, and sandy land increased by 215.9%, 80.3%, and 64.0%, respectively, after three decades of shelter forest establishment. In Zone 2, LII of shrubs declined gradually during the three intervals and decreased by 81.7% from 1978 to 2007. LII of grasses did not change obviously, but broadleaved forests increased by 108.8% during 30 yr of shelter forest establishment. In Zone 3, LII of broadleaved forests, shrubs, and grasses did not show obvious changes with development of shelter forests. However, LII of sandy land increased gradually during the three intervals and increased by 3654.2% from 1978 to 2007.
Th ere were various patterns of spatial and temporal changes for PSI of the four land-cover types (Fig. 3B) . In Zone 1, PSI of broadleaved forests increased during the three intervals. Th e PSI of shrubs, grasses, and sandy land all increased from 1978 to 1999 and decreased from 1999 to 2007. Overall, PSI of shrubs, grasses, and sandy land increased by 137.0%, 81.1%, and 55.4%, respectively, until 2007. In Zone 2, PSI of shrubs and grasses increased during the fi rst two intervals and declined from 1999 to 2007. After three decades of shelter forest establishment, PSI of shrubs and grasses increased by 397.2% and 80.3%, respectively, but PSI of sandy land decreased by 24.5%. In Zone 3, PSI of broadleaved forests, shrubs, and grasses increased during the fi rst two intervals and decreased from 1999 to 2007. Overall, there was an increase of 150.2%, 346.4%, and 94.9% for PSI of broadleaved forests, shrubs, and grasses, respectively. PSI of sandy land increased initially 
Climate and Livestock Quantity
During the three decades of shelter forest development (i.e., from 1978 to 2007), air temperature signifi cantly increased (r = 0.60, P < 0.01) at an average rate of 0.04°C yr −1 but precipitation signifi cantly declined (r = -0.41, P < 0.05) at an average rate of 3.83 mm yr −1 (Fig. 4) . For the three intervals of the study period, both air temperature and precipitation varied insignifi cantly (P > 0.05; data not shown).
In all three subdivided zones of the study area, there were no signifi cant variations in livestock quantity during the 30 yr of shelter forest development. However, livestock quantity signifi cantly decreased during the fi rst two intervals (P < 0.05) (i.e., the quantity declined from 210,000 to 80,000 in Zone 1, from 330,000 to 190,000 in Zone 2, and from 300,000 to 190,000 in Zone 3) and signifi cantly increased from 1999 to 2007 (P < 0.01) (i.e., the quantity increased from 80,000 to 320,000 in Zone 1, from 190,000 to 440,000 in Zone 2, and from 190,000 to 560,000 in Zone 3).
Contributions of Possible Factors to Changes in Sandy Land Area
Diff erent factors had dominant eff ects on the changes of sandy land area in the three subdivided zones (Table 3) . In Zone 1, there were fi ve factors showing a correlation degree >0.7, including PSI of grasses, LII of grasses, LII of broadleaved forests, PSI of broadleaved forests, and area of shrubs. Furthermore, correlation degree of both PSI and LII of grasses was >0.9. In Zone 2, the fi ve factors with correlation degree >0.7 were PSI of grasses, area of shrubs, PSI of shrubs, LII of grasses, and PSI of broadleaved forests. Only PSI of grasses had a correlation degree >0.9. In Zone 3, four factors had a correlation degree >0.7, including area of broadleaved forests, LII of shrubs, area of grasses, and precipitation. Both the area of broadleaved forests and LII of shrubs had a correlation degree >0.9.
Discussion
Overall, during the past three decades of shelter forest development, the environments in the study area were improved, as illustrated by the declining area of sandy land. Environmental changes were driven by specifi c factors in each of the three zones. In Zone 1, which was predominantly grasses and sandy land, a reduction in sandy land area was associated with an increase in the shape and isolation indices of grass patches. Environmental changes in the mosaic of grasses and broadleaved forests in Zone 2 were associated with an increase in the shape index of grass patches. However, in Zone 3 with broadleaved forests and grasses as the main land covers, a decrease of broadleaved forest area and isolation index of shrub patches were closely associated with the change of environments (Table 3 ). An increase in PSI and LII, and declining area of grasses were primarily determined by the land-cover transfer due to the establishment of shelter forests (Table 2) . Th is fi nding suggests: (i) regardless of the geomorphological features, the establishment of shelter forests could induce direct and indirect eff ects on the environmental control in HSL; (ii) apart from the area of shelter forests, the spatial distribution pattern of shelter forests also makes a signifi cant contribution to the improved environment in HSL; and (iii) changes in the area and spatial pattern of the initial land cover (i.e., grasses), resulting from the shelter forest development, also play a signifi cant role in controlling the expansion of sandy land.
Th e tree species selection and planting density in aff orestation are largely determined by water availability in arid and semiarid environments (Alamusa and Jiang, 2005; Elmore et al., 2006) . In this study, after 30 yr of shelter forest (including both broadleaved forests and shrubs) establishment, the area of broadleaved forests declined by 730.1 km 2 . Th is fact may be mainly because the species selection and plant density were inconsistent with water supply in the study area. Populus spp., the nonzonal broadleaved tree species, is widespread in the world covering arid, semiarid, and humid regions (Cooke and Rood, 2007) , and its distribution is independent of rainfall. Furthermore, as one of the important trees, Populus spp. has been planted widely in Th ree-North Regions (Hao et al., 2004) . According to our fi eld investigation in 2008, >70% of landscape images were characterized by Populus spp. in Wengniute County (data not shown). Many studies have demonstrated that the water consumption of broadleaved forests is much greater than that of shrubs (Chen and Li, 2004; Cheng et al., 2009 ) and increases with stand development, eventually leading to water defi cit (Welander and Ottosson, 2000) . Under the signifi cantly declining precipitation and decreasing groundwater availability due to groundwater overexploitation, high density of planted poplar forests will likely decline or even disappear in HSL (Zhao et al., 2008; Zuo et al., 2009) . Th erefore, appropriate management practices are urgently needed during the development of shelter forests. First, appropriate species need to be selected according to the groundwater conditions (Alamusa and Jiang, 2005) . In regions with deep groundwater level (e.g., the active sand dunes), shrubs with lower water consumption can be used as the main species in the establishment of shelter forests. On the contrary, broadleaved trees can be widely planted in regions signifi cantly aff ected by groundwater (e.g., interdune lowlands). Second, to reduce the excessive use of water, some tending measures (e.g., thinning) can be taken for the stands previously planted or the initial planting density of shelter forests can be reduced. It is urgent to identify the most suitable planting density to conform to local water availability in the forthcoming period of shelter forest development.
With the occurrence of global climate change, air temperature and precipitation should be considered the most important natural factors infl uencing environmental changes in semiarid regions. Although air temperature and precipitation had no apparent eff ects on sand control in both the low aeolian dunes and low mountains and hills, there was a signifi cant impact of precipitation on environment in the high elevation alluvial fl ats (Zone 3; Table 3 ). Interestingly, with signifi cantly declining precipitation at a rate of 3.83 mm yr −1 , the area of sandy land decreased in Zone 3. Th is may be because plant growth is mostly dependent on groundwater in this landform, and the elevated temperature may contribute much to its growth (Mora and Jahren, 2003) . Under conditions of decreasing precipitation and increasing use of groundwater with stand development, the environment improvement is very likely to be temporary. Th e environment may abruptly deteriorate under this ecological overdraft situation in the future (Zhu et al., 2009) .
Landscape diversity and evenness indices can refl ect the system stability (Wu, 2000; Turner et al., 2001) . In this study, regional landscape diversity tended to decrease and patches in the landscape tended to be clumped in Zone 1. However, in Zone 2 and 3, landscape pattern tended to be optimized and landscape patches distributed more evenly after three decades of shelter forest development (Fig. 2) . Th is fi nding suggests that although sandy land area declined in the low aeolian dunes (Zone 1), the system is yet unstable. Th is phenomenon may be temporary and the system instability may mostly lead to environment deterioration. Th us, the shelter forests should be redesigned to obtain maximum environmental eff ect and achieve system stability (i.e., increasing landscape diversity and evenness) in the future.
Conclusions
Generally, establishment of the shelter forests in HSL has improved the local environmental conditions, i.e., has eff ectively controlled the expansion of sandy land. Th e positive impacts are achieved either through the variations in area and spatial pattern of shelter forests, or through changing the spatial pattern of substrate (i.e., grasses) during the shelter forest development. In an attempt to sustain and maximize the environmental eff ect of shelter forests for the remaining period of shelter forest implementation, however, three suggestions are put forward based on fi ndings from this study. First, suitable tree species and plant density need to be reconsidered in accordance with local precipitation, groundwater, and landform conditions. Second, appropriate tending measures (e.g., thinning and renovation) need to be applied to adjust the planting density of the established stands to reduce their excessive use of water. Th ird, the system stability of the total landscape must be guaranteed in the processes of shelter forest development. Additionally, the application of different periods of historical satellite data can be favorable for measuring the dynamic impacts of shelter forest construction quantitatively. As an eff ective method, GRA can be used to assess the impacts of complicated factors on the environmental changes exactly. 
